In the noninvasive determination of the hemoglobin concentration a main challenge is the "optical path". With sensorsfixed on h uman s kin -t he o ptical p ath c annot be exactly determined, as it is defined as the layer thickness in the Lambert Beer principle. The layer thickness is significantly involved in the optical interactions in the tissue. To circumvent this problem self-learning algorithms were evaluated which provide the hemoglobin concentration from reflection a nd transmission data without knowledge of the layer thickness. First various regression models were trained based on an high rate data set. To evaluate the six most promising models, a prediction dataset was measured in a prospective randomized and blinded study to guarantee integrity of the results. For both data sets, the transmission and reflection of diluted heparinized erythrocyte concentrate was determined with a double integrating sphere setup (laser diodes with 780 to 1310 nm). The evaluated hemoglobin concentrations ranged from 4 to 16 g/dl at a constant oxygen saturation above 97 %. Optical flow through cuvettes (1, 2, 3 mm) simulated different layer thicknesses of the blood. The evaluation of the predictions yielded that the layer thickness independent prediction of the hemoglobin concentration is feasible with the selected approaches. The mean absolute error (MAE) of the best regression model (GPRMMatern 5/2) is 0.79 g/dl. In the clinically relevant tHb range of less than 8 g/dl the MAE was as low as 0.52 g/dl.
Introduction
The total hemoglobin concentration (tHb) is a significant parameter in different settings. In the clinical setting, accurate information about the concentration is required, especially in the low range with respect to the therapeutic consequences. During blood donation the hemoglobin concentration is already determined in the subject screening. But even in extreme sports such as high altitude mountaineering or apnea diving a simple measurement could provide conclusions about the individual performance. To develop an optical sensor for the noninvasive determination of the tHb various information is required. Based on the relatively high absorption of hemoglobin, conclusions can be drawn both by means of transmission and reflection measurements. However, simple approaches based on the Lambert Beer law also require knowledge of the unknown layer thickness of the blood. In the current clinical environment, as well as in blood donation primarily invasive procedures based on blood samples are used. Thus, in the test devices the hemoglobin concentration is measured by means of absorption with cuvettes of defined layer thickness. Currently available non-invasive systems do not achieve the accuracy required for sufficient determination [1] . The aim of this work is the development of a non-invasive method for layer thickness independent prediction of the hemoglobin concentration. For this purpose, various self-learning algorithmswere trained with a training data set. Six of the regression models were selected on basis of initial tests and evaluated by means of a prospective, randomized, blinded prediction data set. For both data sets the transmission and reflection data of diluted erythrocyte concentrates, in hemoglobin concentrations of 4 to 16 g/dl, were measured with an integrating sphere setup.
Material and Methods

Measurement setup
The double integrating sphere setup tISM (transportable Integrating Sphere Setup for Standardized Measurements [2] ) was supplemented with a peristaltic pump (Figure 1 ). The optical system comprises laser diodes of the wavelengths 780, 808, 850, 980 and 1310 nm as light sources. Three flow through optical cuvettes with different layer thicknesses (1, 2, 3 mm) were alternately placed in the setup. The cuvettes are surrounded by two integrating spheres aligned in the light path -one detecting the reflected, the other detecting the transmitted amount of light. Reflection ( ) is defined as the amount of light reflected from the sample into the reflection sphere in relation to a sample with total reflection. Transmission ( ) is defined as the amount of light transiting through the sample into the transmission sphere, compared to the light intensity without sample. Both values are given as a ratio, where 1 equals total reflection/transmission and 0 equals no reflection/transmission. A microcontroller in tISM calculates the reflection and transmission -under consideration of shunt lightaveraging over ten measurements (in 500 ms).
Hemoglobin dilution
The erythrocyte concentrates -no longer applicable for patient treatment -were provided by the Institute for Transfusion Medicine (University Medical Center Lübeck, Germany). Initially the erythrocyte concentrate was heparinized, treated with sodium bicarbonate as pH-buffer and diluted with physiological saline. The hemoglobin concentration was adjusted with two IL 682 CO-Oximeter (Instrumentation Laboratory, USA) and three Hemocue Hb 201+ (HemoCue AB, Sweden) devices, depending on the data set and the required measurement range (IL-682: 5 to 20 g/dl; Hb 201+: 0 to 25.6 g/dl). The oxygen saturation monitored with the IL-682 devices was higher than or equal 97 %.
Training Data
The training data consist of measurements that were acquired in 4 days, each with a separate erythrocyte concentrate. For every measurement 11 samples with uniformly distributed hemoglobin concentrations ranging from 5 to 15 g/dl were prepared and referenced with the IL682 devices. Each sample was measured three times in each cuvette. The training set thus comprises a total of 396 data sets (Table 1) . 
Evaluation Data
To validate the regression models an evaluation data set was generated prospectively. The study envisaged randomization and blinding of the measurements. Therefore an independent third person prepared ten samples with different hemoglobin concentrations -in the range from 4 to 16 g/dl -out of erythrocyte concentrates from 3 different donors. The oxygen saturation was monitored with the two Il682 systems, while the hemoglobin concentration was determined and adjusted with the HemoCue devices. Each sample was measured three times in each cuvette, resulting in a total of 90 data sets ( 
Regression Models
The layer independent prediction of the hemoglobin concentraion can be handled as a machine learning problem. Different regression models, based on four general approaches: linear regression (LR), regression trees, gaussian process regression models (GPRM) as well as support vector machines (SVM) were evaluated with MATLAB (version R2018a, The MathWorks, Inc., USA). After initial tests six regression models were selected for further analysis, with at least one represen- tative of each approach chosen. The applied linear regression model contains both linear and interaction terms. Regression trees are a special type of decision trees, in which the prediction is based on several consecutive decisions -each dependent from one or several of the input parameters [3, 4] . The chosen regression tree model uses bootstrap aggregation (also called bagging) and is therefore named Bagged Trees. This method combines the results from several regression trees in one output, increasing both accuracy and stability [5] . Both GPRM and SVM use kernel to implicitly process the data in a higher feature space [6, 7] . The selected regression models are named after the kernel used. While GPRM predict with the help of a probability distribution [6] , SVM separate the predictions in classes with the help of hyperplanes. The aim is to maximize the gap between the classes and the hyperplane [7, 8] .
The selected regression models were trained with the training data set (see Table 3 ), provided with knowledge of the measured transmission ( ) and reflection ( ) values, as well as the hemoglobin concentration -while the layer thickness was blinded. For the evaluation of the trained models the independent evaluation data set was used (compare Table 1 ).
Evaluation of the Predictions
The root mean square error (RMSE) between predicted and measured hemoglobin concentration serves as a tool to validate the accuracy of the predictions:
wherê︂ is the predicted value and is the measured value (mean of references). The RMSE represents the sample deviation of the difference between prediction and reference. Furthermore the mean absolute error (MAE):
is the mean deviation between prediction and reference.
Results
The hemoglobin concentration was predicted from the evaluation data with the presented regression models (see Figure 2) . The linear regression lines indicate the individual prediction tendencies. After the evaluation of the predictions, the layer thickness was unblinded with the intention to identify correlations between outliers and the cuvette thickness ( Figure 3 ).
Discussion
All regression models were feasible in predicting the hemoglobin concentration with a MAE of less than~1 g/dl.
The predictions with the highest accuracy were generated by the GPRM models and the bagged trees approach with a MAE of~0.8 g/dl. The regression models (see Figure 2 ) yielded reduced variations in the lower tHb range -with the exception from the linear regression model, showing high variation over the whole hemoglobin range (Table 4) . While the reasons for this behaviour are not fully investigated, these effects are beneficial when considering the use in a clinical setting where the lower range needs to be more accurate. The regression model with the highest accuracy is the GPRM -Matern 5/2 with a MAE of~0.5 g/dl at hemoglobin concentrations lower than 8 g/dl. The unblinding of the layer thickness ( Figure 3 ) revealed no distinct correlation between the layer thickness and the prediction accuracy. 
Conclusion
The evaluation of the predictions proved that the layer thickness-independent prediction of the hemoglobin concentration is feasible with the selected approaches. The MAE of the best regression model (GPRM -Matern 5/2) was 0.79 g/dl. In the clinically relevant tHb range of less than 8 g/dl the calculated MAE was as low as 0.52 g/dl. The layer thickness had no influence o n t he p rediction a ccuracy. F urther measurements to verify the findings and eventually the transfer of the models into a sensor model are under current investigation.
